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The  Adsorption  of  Dinonylnaphthalenesulfonates 
on  Metal  Oxide  Powders1 


by  Paul  Kennedy,  Marco  Petronio,  and  Henry  Gisser 

Pitman-Dunn  Research  Laboratories,  Frank/ord  Arsenal,  Philadelphia,  Pennsylvania  191S7  ( Received  June  9,  1969 ) 


The  adsorption  of  oleophilic  rust  inhibitors,  sodium  and  barium  dinonylnaphthalenesulfonate,  from  cyclohexane 
solution  on  nickel(III)  oxide  and  iron(Iff)  oxide  was  investigated.  Rate  data  for  adsorption  of  sodium  di- 
nonylnaphthalencsulfonate  on  nickel  oxide  indicate  a  complex  mechanism  of  adsorption.  An  empirical  equa¬ 
tion  was  found  that  accurately  describes  the  data.  The  log  of  the  uncovered  surface  plotted  against  log  time 
was  linear  The  extrapolated  time  for  50%  coverage  was  0.36  min.  Experimentally  the  adsorption  process 
wiu  irreversible.  The  effect  of  temperature  in  the  >-ange  of  10  to  60°  on  the  adsorption  isotherm  was  negligible. 
Adsorption  isotherm  data  for  sodium  dinonylnaphthalenesulfonate  were  of  a  Langmuir  type.  The  values  of 
a  indicated  a  more  close-packed  monolayer  on  nickel  oxide  than  on  iron  oxide.  The  ratio  of  the  molecule* 
per  square  centimeter  for  the  former  and  the  latter  was  1.49.  The  b  values  indicated  a  rather  strong  inter¬ 
action  at  the  metal  oxide  surfaces.  Monolayer  concentrations  were  found  to  be  essentially  the  same  irrespective 
of  the  salt  used. 


Introduction 

High  molecular  weight  petroleum  sulfonates  and 
synthetic  sulfonates  are  receiving  increasing  military 
use  as  corrosion  inhibiting  additives  for  lubricants  and 
hydraulic  fluids.  Dinonylnaphthalenesulfonates,  in 
addition  to  being  excellent  corrosion  inhibitors,  approxi¬ 
mate  the  petroleum  sulfonates  in  structure  and  rust 
inhibiting  properties  and  it  is  reasonable  to  assume  that 
t  he  adsorpt  ion  characteristics  of  the  petroleum  sulfonates 
would  be  similar  to  the  synthetic  sulfonates. 

Although  the  mechanism  by  which  alkyl  aryl  sul¬ 
fonates  function  as  corrosion  inhibitors  is  still  unclear, 
several  investigators  have  contributed  to  a  better 
understanding  of  the  corrosion  inhibition  mechanism 
by  studying  parameters  affecting  adsorption  of  sul¬ 
fonate.  For  example,  the  presence  of  water  was  found 
to  promote  adsorption  of  calcium  dinonylnaphthalene¬ 
sulfonate  on  steel.2  Shropshire  recently  observed  that 
the  degree  of  adsorption  of  petroleum  sulfonates  on 
calcium  carbonate  powder  was  determined  by  the 
history  or  method  of  preparation  of  the  substrate.* 


Smith,  Gordon,  and  Nelson,  in  a  study  of  the  adsorption 
of  calcium  dinonylnaphthalenesulfonate  at  the  gold- 
white  oil  interface,  have  reported  that  the  adsorption 
is  completely  reversible  and  that  the  adsorbed  mono- 
layer  is  subject  to  displacement  by  a  polyalcohol  and 
poly(dodecyI  methacrylate).4  Because  of  the  multiplic¬ 
ity  of  additives  in  lubricating  fluids,  the  study  of  com¬ 
petitive  reactions  are  particularly  appropriate.  We 
have  found  that  the  rust-inhibitive  activity  of  petroleum 
sulfonates  is  affected  by  the  choice  of  solvent;  this 
indicates  that  the  solvent  is  a  parameter  of  considerable 
importance. 

The  purpose  of  this  study  was  to  investigate  the 
adsorption  characteristics  of  sodium  and  barium  di- 

(1)  Presented  at  the  157th  National  Meeting  of  the  American  Chemi¬ 
cal  Society,  Minneapolis,  Minn.,  April  1969. 

(2)  Van  Hong,  S.  L.  Kialcr,  I).  Bootzin,  and  A.  Harrison,  ('orro«ion. 
10,34:*  (1954). 

(3)  J.  A.  Shropshire,  J ■  Col hid  Interface  .Set  .,  25,  389  (1907). 

(4)  M.  L.  Smith,  B.  K.  Gordon,  and  R.  ('.  Nelson,  J.  l*hys.  ('hem..  69, 
3833  (1965). 
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nony  Inaphthalencsulfonatcs.  Since  these  materials  are 
used  in  hydraulic  systems  that  expose  the  lubricant 
to  metal  oxide  surfaces,  submicron  iron(III)  oxide  and 
nickcl(fll)  oxide  powders  were  chosen  as  substrates. 
A  low  molecular  weight  hydrocarbon,  cyclohexane, 
was  used  as  a  solvent.  This  investigation  was  under¬ 
taken  to  (1)  study  the  rate  of  adsorption,  (2)  study 
the  effect  of  temperature  and  dilution  on  desorp¬ 
tion  of  sulfonate,  (3)  determine  the  concentration  of 
sulfonate  necessary  to  provide  monolayer  coverage,  and 
(4)  establish  whether  the  adsorbed  sulfonate  is  physi- 
sorbed  or  chemisorbed. 

Experimental  Section 

Materials.  The  adsorbents  (Vitro  Laboratories, 
West  Orange,  New  Jersey)  were  submicron  iron  (III) 
oxide  and  nickel(III)  oxide  powders  with  surface  areas 
of  28  and  30  m*/g,  respectively,  as  reported  by  the 
manufacturer*  from  the  BET  gas  adsorption  method. 
The  powders  were  received  in  sealed  containers.  The 
powders  were  stored  and  handled  under  a  nitrogen 
atmosphere.  Cyclohexane  (J.  T.  Baker  Chemical  Co., 
Instra-A'ialyzcd  grade)  was  the  solvent  in  the  adsorp¬ 
tion  studies.  Batch  analysis  indicated  99.08%  purity 
with  a  water  content  of  0.006%.  The  absence  of  polar 
impurities  was  periodically  confirmed  by  the  nonspread¬ 
ing  characteristics  of  the  solvent  on  a  lycopodium  seed 
film  on  distilled  water. 

Dinonylnaphthalcncsulfonic  acid  (R.  T.  Vanderbilt 
Company,  New  York,  N.  Y.)  was  a  36%  solution  in 
heptane.  The  acid  was  purified  with  methanol 
according  to  the  method  reported  by  Kaufman  and 
Singlctcrry.4  The  mixture  readily  separated  into  two 
phases;  the  upper  phase,  believed  to  contain  resinous 
materials,  was  rejected.  The  sodium  salt  was  prepared 
by  neutralizing  a  solution  of  the  acid  with  an  excess  of 
aqueous  sodium  hydroxide  and  subsequently  back- 
titrating  to  t  he  potcntiomctric  end  point.  The  solution 
was  filtered  and  excess  solvent  removed  by  distillation 
at  a  reduced  pressure.  The  salt  was  further  purified  by 
extracting  its  2-propanol-watcr  solution  with  petroleum 
ether.  The  barium  salt  was  prepared  by  addition  of 
rc-prccipitnted  barium  hydroxide  to  a  solution  of  the 
purifies!  acid  followed  by  back-titration  to  the  potcntio¬ 
mctric  end  point.  Residual  solvents  were  removed 
from  the  residue  by  sc\cral  additions  of  cyclohexane 
during  a  distillation  at  reduced  pressure.  Both  salts 
were  dried  at  G0°  and  15  j*.  Triplicate  analysis 
indicated  that  the  sodium  salt  contained  4.73  ±  0.01% 
sodium  (4.76%  theory)  and  the  barium  salt  contained 
13.16  ±  0.02%  barium  (13.00%  theory). 

Adsorption  Measurements.  The  adsorption  of  sul¬ 
fonate  on  metal  oxide  powders  wjis  studied  over  the 
concentration  range  of  0.001  to  0.1%.  In  the  odsorjf- 
tivc  isotherm  studies,  10  ml  of  cyclohexane-sulfonate 
solution  was  equilibrated  with  500  mg  of  metal  oxide  in 
a  small  glass  vial  for  96  hr  at  room  temperature.  The 


mixture  was  centrifuged;  the  completeness  of  the 
separation  was  readily  ascertained  by  the  Tyndal  effect. 
Although  the  average  particle  size  for  the  powder  was 
0.02  it,  ultraviolet  analysis  within  the  short  wavelength 
range  indicated  analytically  clean  separations.  Analyt¬ 
ical  determinations  of  equilibrium  concentrations  were 
made  at  233  and  284  mj»  with  a  Beckman  DK-2  re¬ 
cording  spectrophotometer  with  matching  1-cm  silica 
cells.  Surface  coverage  was  calculated  from  the  equi¬ 
librium  concentration  data.  Data  are  presented  in 
Table  I  and  Figures  1-6. 


Table  I :  Calculated  Adsorption  Equilibrium  Values*  for 
Sodium  Dinonylnaphthalenesulfonate 


jr„  x  io- 


»* 

NiiOi 

F*iOi 

0. 1-0.3 

1.08 

1.11 

0.3-0. 5 

1.20 

1.80 

0. 5-0.8 

1.13 

1.11 

0.8-0. 9 

0.85 

0.70 

0.57 

0.58 

0.9-1. 0 

0.73 

0.86 

0.78 

0.63 

*  Calculated  from  eq  4  in  text.  *  Fractional  surface  area  as¬ 
suming  a  value  of  1  for  a  monolayer. 


In  the  study  of  the  rate  of  adsorption  of  sodium 
sulfonate  on  nickel  oxide,  the  initial  concentration  of 
the  sulfonate  was  the  minimum  amount  necessary  to 
assure  monolayer  coverage  on  a  specified  amount  of 
nickel  oxide.  The  rate  study  was  made  at  room  tem¬ 
perature  and  the  procedure  was  similar  to  that  employed 
in  the  adsorption  isotherm  study.  Each  point  in  the 
rate  curve  (Figure  1)  was  determined  from  an  independ¬ 
ent  sample. 

The  desorption  study  was  essentially  an  investigation 
of  the  reversibility  of  the  adsorption  isotherm  for 
sodium  sulfonate  on  nickel  oxide;  50  ml  of  0.1984%  so¬ 
dium  dinonylnaphthalenesulfonate  in  cyclohexane 
was  equilibrated  with  2.5  g  of  nickcl(III)  oxide  for  24 
hr;  25-ml  aliquots  were  periodically  withdrawn  (8  to  16 
hr)  and  replaced  with  an  equal  volume  of  pure  cyclo¬ 
hexane.  This  study  was  mode  at  room  temperature. 
Concentrations  of  the  diluted  solution  at  equilibrium 
are  given  os  a  function  of  the  number  of  dilutions  in 
Figure  7.  The  effect  of  temperature  on  desorption  or 
further  adsorption  was  studied  by  a  procedure  similar 
to  the  adsorption  isotherm  procedure.  Samples  were 
equilibrated  2  hr  ut  room  temperature  followed  by  4  hr 
at  various  temperatures  from  10  to  60°.  The  extent 
of  the  change  in  surface  coverage  was  determined  from 
identical  samples  kept  at  room  temperature.  The  data 
arc  discussed  later. 

(5)  H.  Kaufman  and  C.  It.  Hingleterry.  J.  Cnlloid  Sci.,  12,  460  (1057; 
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Figure  1 .  Itate  of  adxorplion  of  sodium  dinonylnaphtbaleno- 
sulfon&le  on  nickel  oxide  powder  at  room  temperature. 


Figure  2.  Fraction  of  surface  uncovered  m. 
log  time  for  the  adsorption  of  sodium 


d  iuony lnsphl  halcncsulfon&te  on  nic':el  oxide  powder. 
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Figure  3.  Adsorption  isotherms  for  sodium 
dinonylnsphthalenesulfonste  on  iron  and  nickel  oxide  powder. 

Results  and  Discussion 

Adsorption  Kate.  The  rapid  -ate  of  adsorption  of 
sodium  dinonylnaphthalencsulfonate  on  nickcl(III) 
oxide  in  cyclohexane  prevented  measurements  at  low 
surface  coverage  values.  The  initial  measurement  at 
7  min  indicated  that  0.88  monolayer  was  adsorbed, 
whereas  4  hr  was  required  for  the  completion  of  the 
monolayer.  The  first  value  is  within  or  slightly  below 
•  he  knee  of  the  rate  curve  (Figure  1).  The  fractional 


figure  4.  Adsorption  isotherms  for  barium 
dinonylnaphtkalenesulfonate  on  iron  and  nickel  oxide  powder. 


Figaro  5.  Langmuir  plots  for  the  sodium  dinonylnaphthalene* 
sulfonate  isotherms  on  nickel  and  iron  oxide  powders. 


Figure  0.  Expanded  adsorption  isotherms  for  sodium  and 
barium  dinonylnaphtlialenesulfonato  on  iron  oxide  powder. 

monolayer  coverage  values  are  slightly  misleading 
since  at  full  surface  coverage  the  molecular  packing  is 
such  that  the  long  alkyl  chains  must  be  oriented  per¬ 
pendicular  to  the  metal  surface;  however,  at  lower 
surface  coverage,  random  orientation  of  the  alkyl  side 
chains  is  expected.  Thus,  at  a  coverage  of  0.88  mono¬ 
layer,  the  amount  of  surface  available  for  adsorption  is 
less  than  expected. 

Although  the  data  could  not  be  fitted  to  any  rate 
equations,  an  empirical  equation  was  found  that  accu- 
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■•mu  or  omotioiis 

Figure  7.  Effect  of  dilution  on  the  equilibrium 
concent  rat  i»-r.  of  sodium  dinonylnaphlhalenesulfonatc 
in  tiV  prewicc  of  nickel  oxide. 

ratcly  described  the  data.  The  logarithm  of  the  un¬ 
covered  surface  was  found  to  vary  linearly  with  the 
logarithm  of  time.  The  calculated  time  for  50%  cov¬ 
erage  was  0.36  min  for  adsorption  (Figure  2).  A  second- 
order  rate  equation  would  be  expected  on  the  basis  of 
the  Langmuir  adsorption  theory;  however,  the  lo¬ 
garithmic  nature  of  the  adsorption  equation  suggests  a 
complex  reaction. 

The  rapid  asymptotic  approach  to  a  limiting  value  is 
probably  associated  with  the  low  desorption  rate  of  the 
sulfonate.  The  surface  coverage  obtained  after  4  hr 
was  within  0.2%  of  that  obtained  after  96  hr.  In  gen¬ 
eral,  the  rate  curve  resembles  previously  rcjiortcd  curves 
for  similar  materials.  The  rate  curve  for  sodium 
dodecyllxmzenesulfonatc  at  the  isooctane-stecl  inter¬ 
face*  was  characterized  by  a  rapid  approach  to  a  high 
surface  coverage  value;  however,  the  asymptotic 
approach  to  a  limiting  value  was  much  slower.  The 
reverse  conditions  were  found  by  Smith,  Gordon,  and 
Nelson4  for  calcium  dinonylnaphthalencsulfonatc  at  the 
gold-white  oil  interface.  Approximately  100  min  was 
required  for  complete  coverage  out  only  0.4  monolayer 
was  rapidly  asdorbed.  This  might  indicate  that  the 
sulistmtc  plays  an  important  role  in  determining 
adsorption  rates. 

Adsorption  Isotherms.  The  adsorption  isotherms  for 
sodium  and  barium  dinonylnaphthalencsulfonatc  in 
cyclohexane  were  determined  on  both  iron(III)  oxide 
and  nickel(III)  oxide.  These  data  were  normalized 
by  a  procedure  similar  to  that  used  by  Shropshire*  in 
order  to  correct  for  variations  in  molecular  weight  and 
for  the  slight  variation  in  the  surface  area  of  the  sub¬ 
strates.  These  normalized  data  arc  graphically  repre¬ 
sented  in  Figures  3  and  4. 

The  isotherms  for  sodium  dinonylnaphthalcnesul- 
fonate  and  barium  dinonylnaphthalencsulfonatc  were 
characterized  by  a  monotonic  approach  to  a  limiting 
adsorption.  Adsorption  data  for  sodium  dinonylnaph- 
thalcncMilfonato  on  iron  and  nickel  oxide  powders  were 
found  to  follow  the  Langmuir  equation.  This  is 


illustrated  in  Figure  5  where  the  ratio  of  the  equilibrium 
concentration  to  the  amount  adsorbed  is  shown  to 
be  a  linear  function  of  the  equilibrium  concentration. 
The  classical  Langmuir  equation  can  be  expressed  as 

C  1  C 

x/m  “  ab+  a  (1) 

where  C  is  the  eqnilibrium  concentration,  x/m  is 
the  amount  adsorbed  per  unit  area,  a  is  the  maximum 
adsorption  possible,  and  6  is  the  ratio  of  the  rate  con¬ 
stants  for  adsorption  and  desorption.  When  the 
area  of  the  substrate  is  known,  a  is  a  measure  of  the 
surface  area  occupied  per  molecule.  The  value  of 
a  was  found  to  correspond  to  68.4  A*/molccule  for 
the  sodium  salt  on  nickel  oxide  and  109.1  A*/molccule 
for  the  sodium  salt  on  iron  oxide.  It  can  be  shown  that 
these  value*-  correspond  to  a  monolayer  coverage.  Re¬ 
ported  -ata  for  the  force-area  relationship  of  calcium 
dinonylnaphthalencsulfonatc4-7  at  the  air-water  inter¬ 
face  has  shown  that  the  monomolecular  film  was  of  the 
liquid-expanding  type.  The  maximum  area  per  mole¬ 
cule  was  200  A*;  the  minimum  area  for  a  tightly  packed 
film  was  125  A*  at  40  dyn/cm.  It  is  reasonable  to 
assume  that  the  monovalent  salt  would  occupy  an  area 
approximately  half  that  of  the  divalent  salt  or  an  area 
of  62  to  100  A*  per  molecule.  Projections  of  Fishcr- 
1 1  i  rscli  felder-T ay  lor  models  of  the  dinonylnaphthalcnc- 
sulfonatc  anion  indicate  tlrnt  this  assignment  is  rea¬ 
sonable.  A  study  of  the  molecular  models  indicates 
that  random  orientation  of  the  alkyl  side  chains  proba¬ 
bly  predominates  at  low  film  pressures  with  the  chains 
assuming  a  more  oriented  configuration  with  increasing 
pressure.  Thus,  the  molecular  packing  of  sodium 
dinonylnaphthnlciicsulfonatc  on  nickel(III)  oxide  can 
be  considered  os  close-packed,  whereas  the  molecular 
packing  on  iron(III)  oxide  denotes  a  rather  loosely 
packed  monolayer.  It  is  interesting  to  note  that 
Smith  and  Allen*  found  a  similar  type  of  behavior  for 
the  adsorption  of  n-nonodecanoic  acid  at  the  nickcl- 
and  iron-cyclohexane  interfaces.  Molecular  packing 
was  considerably  more  close-packed  on  nickci  than  on 
iron. 

The  b  term  in  the  Langmuir  equation  expresses  the 
ratio  of  the  rate  constants  and  has  the  dimensions  of 
reciprocal  concentration.  The  b  value  for  sodium 
dinonylnaphthalencsulfonatc  was  found  to  be  0.74  X 
10-“  cm*/molcculc  for  iron(III)  oxide  and  0.91  X 
10-**  cm*/molcculc  for  nickel(III)  oxide.  A  slightly 
different  mathematical  treatment  was  employed  to  com¬ 
pare  adsorption  data  for  sodium  dinonylnaphthalcne- 
sulfonatc  with  that  for  barium  dinonylnaphthalene- 

(0)  A.  II.  Itoehuck,  I*.  L.  Gnnt,  O.  L.  Hi***,  ami  J.  I).  Hudl.urrv. 
Comuion,  13,  7.TJ  (1957). 

(7)  K.  M.  Kowke»,  J.  I’li i/i.  Chrm.,  66,  IM3  (1002). 

(S)  ||.  A.  Smith  ami  K.  A.  Allen,  ibid..  S8,  449  (1954). 
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sulfonate.  According  to  Laidler,*  the  rate  of  adsorp¬ 
tion  (y«)  can  be  expressed  as 

Y»  ”  kiCtC ,  (2) 

and  the  rate  of  desorption  (y<i)  as 

Yd  —  k-i  C»  (3) 

where  Ct  is  the  equilibrium  concentration  in  solution 
(molecules/ cm1),  C.  is  the  concentration  of  adsorption 
centers  (sites/cm1),  and  C.  is  the  concentration  of 
adsorl>cd  molecules  (molcculcs/cm1).  The  equilibrium 
coiiclif  ion  is  given  by  equating  these  two  rates 


where  A'„,  is  an  equilibrium  constant  for  the  system. 
The  assumption  was  made  that  C.  was  equal  to  the 
maximum  tiuml>er  of  molecules  adsorbed  per  cm*  less 
the  numlter  of  molecules  adsorbed  per  cm*  at  a  given 
equilibrium  concentration.  These  values  arc  pre¬ 
sented  in  Table  I.  Equilibrium  constants  at  low 
surface  coverage  (less  than  0.S  monolayer)  were  greater 
than  the  values  at  higher  surface  coverages.  This  can 
probably  be  attributed  to  initial  adsorption  at  the 
most  active  sites  or  to  the  variety  of  spacinl  configura¬ 
tions  available  to  an  adsorbed  molecule  at  low  surface 
coverage.  For  example,  the  molecule  could  adsorb  in  a 
flat  jjosition  and  interact  with  a  large  number  of  sites. 
The  heat  of  adsorption  in  the  flat  position  would  t>c 
larger  than  expected  when  the  molecule  is  in  a  vertical 
configuration.  The  calculated  equilibrium  values  (K*,) 
are  of  the  same  order  of  magnitude  as  those  calculated 
from  the  Langmuir  equation.  The  slight  discrepancy 
can  be  attributed  to  the  assumption  onvolvcd  in  the 
calculation  of  C,. 

The  adsorptive  behavior  of  the  barium  salt  differs 
considerably  from  the  sodium  salt  in  the  region  below 
the  knee  of  the  adsorption  isotherm  curve.  This  is 
illustrated  in  the  expanded  adsorption  isotherms  of 
sodium  and  barium  dinonylnaphthnlcncsulfonatc  on 
iron(III)  oxide  (Figure  6).  Data  for  the  dinonylnaph- 
thalenesulfonates on  nickcl(IIl)  oxide  arc  not  included; 
however,  graphic  representation  of  these  data  is  similar 
to  those  shown  in  Figure  0.  The  greater  “adsorption” 
of  the  divalent  cation  is  diflicult  to  explain.  The  larger 
coordination  sphere  of  the  divalent  cation  might  allow 
greater  interaction  with  surface  hydroxyl  groups. 
Another  |>o.ssiblo  explanation  ir  iy  be  related  to  the 
stability  and  size  of  the  barium  and  sodium  dinonyl- 
naphthalenesulfonate  micelles.  Kaufman  and  Singlo- 
terry4"’  have  reported  differences  in  the  micellar  nature 
of  these  materials. 

Molecular  packing  in  the  completed  monolayer  was 
found  to  be  a  function  of  the  substrate;  however,  the 
i  at  ion  does  not  appear  to  influence  molecular  packing. 
On  nickel  oxide,  the  monolayer  concentrations  were 


1.12  ±  0.02  mg  (DNNS)  -/m*  and  1.07  =fc  0.04  mg 
(DNNS)  ~/mi  for  the  sodium  and  barium  salts,  re¬ 
spectively.  Slightly  better  agreement  was  obtained  on 
iron  oxide.  Tho  monolayer  concentrations  were  0.75  ± 
0.01  and  0.74  ±  0.03  mg  (DNNS)-/m*  for  the  sodium 
and  barium  salts,  respectively.  This  suggests  that  the 
monolnyor  might  bo  considered  as  a  close-packed  array 
of  anions  with  tho  cation  in  close  proximity  to  provide 
electrical  neutrality.  Tho  density  of  the  packing  indi¬ 
cates  that  the  anions  are  in  a  configuration  perpendicu¬ 
lar  to  tho  surface.  This  configuration  would  allow 
maximum  overlap  of  tho  filled  p  orbitals  of  tho  oxygen 
with  vacant  d  orbitals  of  tho  metal  atoms  on  a  clean 
metal  oxide  surface.  Interatomic  distances  for  nickel 
metal  are  known  to  be  2.49  and  3.52  A.  It  is  inter¬ 
esting  that  the  first  value  approximates  the  spacing  in 
the  sulfonate  group  itself.  Other  possible  mechanisms 
for  adsorption  might  include  interaction  of  adsorbed 
water  or  surface  hydroxyl  groups  with  the  coordination 
sphere  of  tho  cation  or  direct  interaction  of  oxygen 
sites  with  the  cation. 

When  determinations  of  monolayer  concentration 
were  made  in  relatively  concentrated  solutions,  a  slight 
but  gradual  decrease  in  the  amount  adsorbed  was  noted. 
The  accuracy  of  these  values  is  open  to  question  since 
the  sensitivity  of  the  method  decreases  with  increasing 
concentration; however,  others"  havenoteda  maximum 
in  the  adsorption  isotherm  for  sodium  dodecyll>cnzcnc- 
sulfonatcon  nickel. 

Effect  of  Temperature.  The  temperature  dependence 
of  the  adsorption  data  for  sodium  dinonylnaphthalcno- 
sulfonatc  on  nickel  oxide  was  determined  for  possible 
elucidation  of  the  interaction  at  the  metal  oxide  surface. 
For  example,  if  the  data  showed  a  strong  dependence  on 
temperature,  it  would  be  reasonable  to  attribute  ad¬ 
sorption  to  van  dcr  Waals  forces  or  other  interactions 
such  as  intermc. locular  cohesion  or  hydrogen  bonding  to 
surface  hydroxyl  groups.  (Chemically  bound  water 
appearing  as  hydroxyl  groups  on  o-FojOj  surfaces  is 
suggested  by  the  work  of  Jurinak.'*)  At  elevated 
temperatures  of  45  and  60°,  no  detectable  desorption 
was  found  at  a  surface  coverage  of  0.28  monolayer.  At 
00°,  the  amount  desorbed  at  surface  coverage  of  0.95 
and  1.00  monolayer  was  1.1  and  1.4%,  respectively. 
The  data  support  a  monolayer  consisting  essentially  of 
chemisorbed  species.  The  data  arc  reasonable  when 
tho  micellar  nature  of  sodium  dinonylnaphthalenc- 
sulfonato  is  considered.  In  effect,  the  metal  oxide  and 
micelle  are  both  competing  for  adsorption  of  the  mono¬ 
mer,  and  in  the  absence  of  a  strong  interaction  at  the 


(9)  K.  J.  I.iiiillcr,  “Cliemiral  Kinetic*,"  McOraw-JIill  Hook  Com¬ 
pany,  Inc.,  New  York,  N.  Y..  1059,  p  150. 

(10)  S.  Kaufman  anil  C.  It.  Sinxlcterrv.  J.  Colloid  Sci.,  10,  139 
(1955). 

(11)  A.  Knvn  and  II.  Kyrinx.  J.  I'hyi.  (’him.,  6C,  890  (1950). 

(12)  J.  J.  Jurinak,  J.  Colloid  Sci.,  19,  47V  (1904). 
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metal  oxide  surface,  the  monomer  would  be  expected  to 
re-enter  the  micelle  phase. 

Although  the  interaction  at  the  metal  oxide  surface 
would  be  better  evaluated  by  data  on  the  isosteric  heat 
of  adsorption,  the  magnitude  of  the  changes  in  concen¬ 
tration  did  not  warrant  exact  calculations.  Rough 
calculations  indicated  that  the  heat  of  adsorption  was  of 
the  sume  order  of  magnitude  as  that  found  with  chemi¬ 
cal  reactions. 

Desorption  Studies.  The  reversibility  of  the  sodium 
dironylnaphthalenesulfonate-nickel(III)  oxide  iso¬ 
therm  was  investigated  at  room  temperature  (Figure 
7).  The  initial  amount  of  material  adsorbed  corre¬ 
sponded  to  full  moi.olayer  coverage  and  each  dilution 
represented  withdrawal  of  one-half  of  the  volume  of 
the  supernatant  liquid  and  the  replacement  with  the 
same  volume  of  clean  cyclohexane.  The  equi,:brium 
period  was  24  hr;  withdrawals  were  made  after  equili¬ 
bration  periods  of  8  to  16  hr. 

No  significant  desorption  was  found  after  six  suc¬ 
cessive  dilutions.  This  data  indicate  the  absence  of  a 
significant  fraction  of  easily  desorbable  sulfonate  in 
the  m>  molayer.  Desorption  undoubtedly  must  occur  in 
order  to  reestablish  equilibrium  conditions;  thus,  the 
rate  of  desorption  must  be  extremely  slow.  In  order 
to  better  evaluate  the  rate  of  desorption,  one  equilib¬ 


rium  period  was  extended  to  64  hr;  however,  no  de¬ 
tectable  desorption  was  noted. 

Structural  Considerations.  Dinonylnaphthalenesul- 
fonie  acid  is  prepared  by  alkylation  of  naphthalene 
with  nonone-1  which  is  made  by  the  trimerization 
of  propylene.  Smith,  el  al.,*  reported  that  dinonyl- 
naphthalene  is  greater  than  95%  dialkylated  and  that 
the  two  nonyl  groups  are  substituted  in  the  same 
ring,  which  is  different  from  that  containing  the  sulfo¬ 
nate  group.  The  sulfonic  acid  group  is  probably  in 
an  a  position  in  view  oi  the  low  temperature  of 
sulfonation.  Factors  affecting  the  structure  of  the 
alkyl  side  chains  include  (1)  the  method  of  preparation 
of  the  nonenes  (6  possible  branch  chained  isomers) 
and  (2)  isomerization.  The  latter  reaotion  is  known 
to  prevail  in  this  type  of  alkylation13  and  attachment 
of  the  alkyl  group  would  bo  expected  at  a  tertiary 
carbon.  Consideration  of  the  structure  of  the  nonene 
isomers  and  their  most  probable  point  cf  attachment 
indicates  that  the  alkyl  side  chains  are  rather  short 
and  very  highly  branched.  The  structure  of  dinonyl- 
naphthalenesulfonate  may  be  more  closely  related 
to  its  corrosion-inhibiting  ability  than  normally  realized. 


(13)  A.  C.  Olson,  hid.  Eng.  Chem.,  32,  S33  (1900) 
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The  adsorption  of  oleophilic  rust  inhibitors,  sodium  and  barium 
dinouylnaphthalenesulfonate,  from  cyclohexane  solution  on  Nickel(III)  oxide  and 
iron  (III)  oxide  was  investigated.  Rate  data  for  adsorption  of  sodium  dinonylnaphtha- 
lenesuifonate  on  nickel  oxide  indicate  a  complex  mechanism  of  adsorption.  An 
empirical  equation  was  found  that  accurately  describes  the  data.  The  log  of  the 
uncovered  surface  plotted  against  log  time  was  linear.  The  extrapolated  time  for 
50%  coverage  was  0.36  min.  Experimentally  the  adsorption  process  was  irrevers¬ 
ible.  The  effect  of  temperature  in  the  range  of  10  to  60*  on  the  adsorption  isotherm 
was  negligible.  Adsorption  isotherm  data  for  sodium  dinonylnaphthalenesulfonate 
were  of  a  Langmuir  type.  The  values  of  a  indicated  a  more  close -packed  monolayer 
on  nickel  oxide  than  on  iron  oxide.  The  ratio  of  the  molecules  per  square  centimeter 
for  the  lormer  and  the  latter  was  1.  49.  The  b  values  indicated  a  rather  strong  inter¬ 
action  at  the  metal  oxide  surfaces.  Monolayer  concentrations  were  found  to  be 
essentially  the  same  irrespective  of  the  salt  used. 
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